Depth-resolved cathodoluminescence spectroscopy (DRCLS) has developed over the past few decades into a powerful technique for characterizing electronic properties of advanced materials structures and devices on a nanoscale. The lateral and depth-resolved capabilities of DRCLS enable researchers to probe native defects, impurities, chemical changes and local band structure inside state-of-the-art device structures on an unprecedented scale. A key strength of DRCLS is its ability to distinguish electronic features at buried interfaces within multilayer device structures, interfaces whose microscopic physical features can determine macroscopic electronic properties. This review provides a general overview of DRCLS and illustrates the wide array of applications now available using this technique.
Historical overview
With the development of advanced electronic materials structure and devices on a nanoscale, depth-resolved cathodoluminescence spectroscopy (DRCLS) has proven to be a useful technique in a wide range of applications. Historically, luminescence spectroscopy has been a widely used tool to characterize the nature of excitons, impurities and native point defects in electronic materials. The high energy resolution of this optical technique coupled with its sensitivity to excitations at orders-of-magnitude higher levels than other techniques provides a wealth of physical information.
Cathodoluminescence spectroscopy retains these advantages and adds the capability to probe electronic properties on a nanometre scale both laterally and depthwise. This capability has proven especially useful in studying the electronic structure of semiconductor, insulator and metal heterointerfaces and DRCLS applications extend to probing state-of-the-art electronic devices.
The cathodoluminescence spectroscopy technique is relatively old and is used conventionally with a scanning electron microscope (SEM) to identify compounds and phases of minerals [1] [2] [3] . In their book, Yacobi and Holt review early applications of cathodoluminescence microscopy centred on defect contrast and spectroscopy. These included measurement of dislocation densities, carrier concentration, minority diffusion length and chemical composition. Early work by Norris et al showed that depth sensitivity was possible, applying CLS to the detection of shallow implanted ions in GaAs, ZnS and CdS by reducing the energy of their incident electron beam into the low kilovolt range [4, 5] . Such energies are much lower than are typically used in SEM studies. In 1985, Brillson et al showed that CLS could be extended to probe buried interfaces within electronic materials by varying the incident beam energy [6] [7] [8] . Motivating this work was the study of local electronic properties at metalsemiconductor interfaces and their role in Schottky barrier formation. Such studies revealed the presence of defects, impurities and chemical bonding localized on a nanometre scale. Further developments extended the DRCLS technique further to probe buried ultrathin films and even the outer atomic layers of free surfaces. Researchers have now extended their electron beam capabilities to probe a wide array of electronic devices.
While techniques such as electron paramagnetic resonance (EPR), positron annihilation spectroscopy (PAS) and luminescence have traditionally provided some of the most valuable information on the fundamental properties of bulk defects, it has been the DRCLS technique that has revealed key electronic features of solid state interfaces and ultrathin films. The impact of such work on our knowledge of defects, chemical and structural interactions at interfaces can be seen at several levels-the choice of growth methods and processing conditions used by researchers to build electronic materials structures and devices, the 'reactive' versus 'unreactive' interface context of choosing interface constituents, and the use of 'interlayers' at heterojunctions to modify interface bonding, composition and thereby electronic properties. The challenge now is to extend these techniques even further as electronic materials and devices shrink further into the nanoscale regime. This review aims to introduce the DRCLS technique to a general audience, provide a historical perspective and offer representative examples of DRCLS applications that illustrate its utility for probing physical properties and mechanisms inside electronic devices.
The DRCLS technique
Cathodoluminescence is one of several processes that occur with electron irradiation of solids. A primary electron beam impinging on a solid surface produces: (i) Auger electrons [9] within the first few angstroms of the free surface; (ii) secondary electrons due to ionization of impacted atoms at nanometre or higher depths that depend on the incident beam energy; (iii) backscattered electrons at greater depths due to random collisions of electrons that have lost significant kinetic energy; (iv) x-rays characteristic of specific atomic transitions; (v) a continuum of x-rays resulting from secondary x-ray excitation; (vi) fluorescent x-rays, that is, optical emission due to low-energy electrons initially excited by x-rays and (vii) the creation of electron-hole pairs resulting from the electron beam-solid interaction at any incident beam energy [10] . Below incident beam energies of a few keV, x-ray generation decreases strongly so that the dominant energy loss mechanism is via plasmon generation and subsequently by impact ionization-the creation of free electrons and holes. It is the recombination of these free carriers that produces the cathodoluminescence.
The rate of energy loss due to electron-hole pair creation versus penetration depth reflects the profile of excitation resulting in cathodoluminescence. Figure 1 (a) illustrates an excitation profile for electrons in the low keV range versus depth for GaN based on an analytic expression developed by Everhart and Hoff [11] for gauging electron beam penetration. The incident electron produces a cascade of secondary electrons that produce more electrons at lower energy until these energies are too low to cause impact ionization. The resultant profile has a maximum energy loss rate at a depth U 0 and a maximum range R B , the Bohr-Bethe range. At low keV energies, these profiles are strongly peaked on a scale of nanometres. Figure 1 
where N A is Avogadro's number, Z is the atomic number, ρ is the density, A is the atomic weight, I is the mean excitation loss energy, equal to (9.76 + 58.8Z −1. 19 )Z (eV) and a = 1.1658 is a material-independent constant. The Bohr-Bethe range where ξ = aE/I and E B = incident beam energy. A useful Everhart-Hoff approximation that provides a 'universal' fit to experimental data is
where C is a material-dependent constant = 9.40 × 10 −12 I 2 (A/Z)c /ρ, a = 1.29 and material-independent constant c = 1.48, both for ξ < 10. These expressions are useful above the kiloelectronvolt region and for solids with uniform composition. The kinetic energy change along a path s corresponds to the Bethe's stopping power approximation of continuous slowing down [12] , which is no longer valid below kiloelectronvolt energies. The EverhartHoff analytical depth-dose function is valid for low Z materials. Other analytic expressions are useful for higher Z materials. However, these models can yield significantly different results for the same material. Thus the penetration depths derived by Kanaya and Okayama [13] based on a simple atomic potential model with empirical values, diffusion associated with multiple scattering, and a modified energy retardation model are similar to those of Wu and Wittry [14] based on a modified Gaussian of the energy dissipation function. However, these are significantly higher than those of Gruen [15] , expressions for which depend only on the beam energy and material density and from which the above Everhart and Hoff expressions were modified [16] . This is a challenge at the sub-kiloelectronvolt energies often used in nanoscale DRCLS, where penetration depths need to be determined very precisely. Multiple layers of material with different densities, atomic weights, scattering cross-sections and thicknesses present even greater challenges for analytic expressions.
Monte Carlo simulations based on the random collisions of the secondary electrons generated by an ensemble of incident electrons can more accurately model the rate of electron-hole pair creation versus depth [17] . They are advantaged over analytic expressions in that they can simulate electron scattering and energy loss in structures comprised of multiple layers with different densities and atomic weights, which together with incident beam energy and primary loss mechanisms determine scattering cross-sections. Such simulations are analogous to SRIM, i.e. stopping and range of ions in matter, calculations used in high energy physics [18] . However, the penetration depth derived from Monte Carlo simulations will depend on the scattering cross-sections used and may not be well adapted to low electron beam energies, particularly for materials with high atomic number [19] .The precision of cathodoluminescence excitation depth will also depend on the diffusion of minority carriers required for recombination, the velocity of which will depend on the spatial distribution, cross-section and density of recombination sites. The experimental results of the electronic material systems presented here provide evidence that Monte Carlo simulations such as CASINO can provide remarkably precise maximum depth values for cathodoluminescence, typically on a scale of a few nm or less at sub-kiloelectronvolt energies for both low and high atomic numbers. Examples include nitrided Si/SiO 2 interfaces [10, 20] for low-Z materials, GaAs, GaN and HfO 2 discussed below for intermediate-Z materials, and LaLuO 3 for high-Z materials [21] . This precision appears to be in large part due to the high recombination velocities of minority carriers with electronically active defects at surfaces and interfaces, the primary subject of DRCLS studies.
The peaked nature of the energy loss profile and its variation with incident beam energy enables the study of bulk, surface and interface regions of a solid selectively, as figure 2(a) illustrates schematically in a real-space crosssectional view [22] . Figure 2 (b) shows schematically the optical emissions excited by this incident electron beam in an energy level versus depth picture. These emissions are primarily from (i) near band edge (NBE) transitions between states at or near the conduction and valence band edges, (ii) transitions between deep levels and states near either conduction or valence band and (iii) transitions associated with new electronic levels or band structure localized at a buried solid state interface. The NBE emissions identify the material being probed, including new phases formed at interfaces. The deep-level transitions are fingerprints of specific impurities or lattice defects. The spatial location of these NBE and deeplevel transitions coupled with their variation with depth provide information on the physical processes, e.g., local bonding, chemical reaction, diffusion and defect formation, which occur on a nanometre scale. Figure 3 illustrates two experimental arrangements for cathodoluminescence spectroscopy. ultrahigh vacuum (UHV) chamber in cross-section, with a glancing incidence electron gun and beam that impinges on a specimen attached to a manipulator. The light emitted by the specimen is collected by a quartz lens and passed through a sapphire window into a monochromator and photoelectron detector.
The UHV environment prevents buildup of carbon contamination that would otherwise accumulate with decomposition of residual air molecules by the electron beam. Such carbon deposits act as recombination centres that quench the optical luminescence for excitation close to the surface. This configuration provides point spectra but not twodimensional images. Figure 3 (b) provides a cross-sectional view of a 25 keV UHV field emission SEM (JEOL 7800F) with corresponding monochromator and photodetection of light gathered by a parabolic mirror inside the analysis chamber. A typical spot size in figure 3(a) is ∼0.5 mm at an incident beam current of 1-3 μA. In figure 3 (b), spot sizes of <5 nm are achievable at currents >nA at high keV and ∼10 nm at low keV energies. This configuration can provide both CL spectra and two-dimensional images. Both analytic chambers can contain equipment for surface science techniques such as Auger electron spectroscopy (AES) and x-ray photoemission spectroscopy (XPS). Figure 4 illustrates early work by Norris et al that demonstrated the use of keV electron energies to detect lattice damage and impurities introduced by ion implantation in subsurface regions [4] . This work reflected technology interests in assessing and improving the activation of implanted impurities for semiconductor doping. Here Norris et al used a 1-20 keV magnetically focused electron gun in an oil-pumped vacuum of ∼10 −9 Torr to minimize hydrocarbon contamination. The depth-dependent CL spectra show how the ratio of 1.24 eV Cu + implant emission relative to the 1.49 eV GaAs NBE peak intensity increases as E B decreases from 20 to 5 keV, corresponding to excitation depths decreasing from 1.6 to 0.14 μm. Norris et al also first pointed out the importance of energy density in these studies, illustrating the dependence of . CL spectra of UHV-cleaved CdS(1 l 2 0) after in situ deposition of 50 Å Al (a), (b) versus Cu (c) plus in situ laser annealing with energy densities shown. For Al, E B = 0.5 and 2 keV correspond to R B = 110 and 600 Å, respectively. For Cu, E B = 0.5, 1, 1.5 and 2 keV correspond to R B = 50, 170, 350 and 520 Å, respectively. In addition to the 2.5 eV CdS NBE emission in all spectra, the 1.3 and 1.7 eV peaks in (a) and (b) are attributed to native point defects, while the 1.28 eV peak in (c) is attributed to Cu 2 S formation. Reprinted with permission from [6] Copyright 1985, American Institute of Physics.
Early work
relative luminescence intensities on incident current densities [5] . Thus he showed how the band-to-band versus defect intensity ratio increased for unimplanted GaAs with increasing current density as carrier recombination from the limited density of defects saturated [4] .
In 1985, Brillson et al showed for the first time that CLS could be extended to probe buried interfaces within electronic materials [6] . Motivating interface studies in the late 1970s and 1980s for the solid state community was the search for physical mechanisms to understand Fermi level E F stabilization/pinning and Schottky barrier formation at semiconductor interfaces with metals and insulators [23] , given the central importance of these effects for the operation of semiconductor devices.
Various theoretical models sought to interpret these phenomena in terms of localized electronic states, but they differed dramatically in terms of their basic physical mechanisms [24] . Experimental studies relied heavily on surface science techniques that were not sensitive to interfaces below the free surface. On the other hand, local electronic probes revealed the importance of chemical interactions at metal-semiconductor interfaces [25, 26] . Figure 5 illustrates the use of DRCLS to probe interface specific reactions at metal-CdS interfaces [6] . In figure 5 (c), CdS cleaved in UHV, overcoated with Cu 5 nm thick, and laser-annealed exhibits an additional emission at 1.35 eV due to Cu-S reaction. With decreasing E B from 2 to 0.5 keV, the I(defect)/I(NBE) intensity ratio increases dramatically and emission from CdS disappears at depths below a few nm. Figures 5(a) and (b) illustrate different behaviour for laser-annealed Al on UHV-cleaved CdS. Here a second emission appears at 1.55 eV, with both gap state emissions again dominating the CL spectra at near-surface excitation. The common 1.35 eV for both Cu and Al suggests that a common lattice defect is created. The 1.35 and 1.55 eV peaks have a different depth and laser annealing power dependence, indicating different defects or alloy formation within the same nanometre-scale subsurface region.
Directly relevant to Schottky barrier formation, DRCLS studies then showed that the deposition of metals on semiconductors induced the formation of localized electronic states. Figure 6 shows the absence of gap states for UHVcleaved InP and their appearance with the deposition of even submonolayer amounts of Au, Cu Al and Pd [27] . For each metal, new emissions appear at 0.8 and ∼1 eV. However, their amplitudes, energies and depth dependence evolve differently with metal thickness, highlighting differences in metalsemiconductor interaction. Metals on GaAs also display metal-induced gap states [27] . Significantly, the energies of these states within the semiconductor band gap correspond to E F positions of the macroscopic Schottky barrier heights. The CL results can be related to the origin of Schottky barrier formation since the metal-induced states form at energies or 'pinning' levels corresponding to the range of Fermi level movement at compound semiconductor-metal interfaces [28] . These Schottky barriers exhibit behaviour intermediate between Schottky-like and Bardeen-like models, depending on the density of interface states. Thus for Czochralski-grown bulk GaAs with high densities of As antisites, Fermi level 'pinning' is much more pronounced than in InP, where bulk trap densities are much lower [29] . For several representative semiconductors, the interface states can be associated with native point defects that are found to segregate to the interfaces, again measured by DRCLS [30] .
Quantum wells studied with DRCLS offer another early example of probing buried interfaces. Here non-radiative recombination pathways and scattering centres introduced by lattice imperfections are of high concern for the efficiency of optoelectronic devices. For a GaN/2 nm In 0.28 Ga 0.72 N/30 nm GaN quantum well, figure 7 shows a series of DRCL spectra with E B from 0.75 to 2 keV and NBE emissions corresponding to GaN and InGaN [31, 32] . With increasing E B , the ratio of InGaN to GaN NBE increases as excitation depth R B approaches the upper quantum well interface. As E B and R B increase further, a third peak emerges at 3.25 eV that reaches a maximum at a depth corresponding to the deeper quantum well interface, then decreases with higher E B at corresponding depths within the GaN buffer layer. The energy and phonon replicas of this feature identify it as a cubic GaN layer. This structural change is known to occur because of stacking faults introduced by the reduced growth temperature at the growth transition from GaN to InGaN. DRCLS spectra of a GaN/2 nm In 0.14 Ga 0.86 N/30 nm GaN quantum well do not exhibit this cubic feature due to the lower lattice mismatch at the heterointerfaces. By modelling the quantum well emission increase with increasing E B starting as low as 0.1 keV in terms of the integrated excitation volume and its proximity to the quantum well, one obtains a minority carrier diffusion length λ ∼ 27 nm, much shorter than typical bulk semiconductor diffusion lengths but consistent with values obtained by other techniques on similar material and with the high depth resolution of the DRCLS technique [32] . Here quantum well intensity reflects the change in minority carrier density with excitation proximity. An alternative method of determining diffusion lengths using cathodoluminescence, albeit on a micrometre scale, is lateral detection of intensity by an optical fibre versus distance from an excited volume [33] .
Further emphasizing the multilayer capabilities of DRCLS, Hasegawa et al used DRCLS to measure native point defects at buried InP/GaAs heterojunctions and quantum wells [34] . Here the variation of optical emission from the various layers was compared with a theoretical analysis developed for photoluminescence but coupled with an excitation versus depth dependence based on Everhart-Hoff energy loss. Using an E B range 5-30 keV, they reported the appearance of a 1.7 eV defect emission attributed to P vacancies [35] in gas source molecular beam epitaxy (GSMBE) versus organometallic vapour phase epitaxy (MOVPE). This defect emission also appeared in GaAs/InP/GaAs quantum wells due to incomplete Group V vapour substitution during growth. The decrease in CL signal at 5 keV and below is attributed to quenching of the optical recombination by surface carbon buildup in the non-UHV SEM.
Near-surface studies
DRCLS with relatively low E B enables the study of electronic properties associated with near-surface structural, i.e. morphological, defects. A notable example is the study of surface stress in AlGaN films with microcracks by combined DRCLS-micro-Raman spectroscopies. Here Professor Christen's Magdeburg group mapped the NBE features of GaN as a function of lateral distance from AlGaN microcracks on a sub-micrometre scale [36] . Mechanical stress on a scale of GPa causes semiconductor band gap to shift in energy, typically by tens of meV. As shown in figure 8, high energy resolution NBE shifts associated with strain are revealed by hyperspectral analysis, termed cathodoluminescence wavelength imaging (CLWI), i.e. mapping of CL intensity at single energies extracted from full spectra acquired at each and every pixel of the probed area. Advantages of this hyperspectral analysis include minimizing (i) electron beam damage due to the focused electron beam at a given pixel, (ii) beam drift during data acquisition that would otherwise degrade image resolution, (iii) charging that can deflect the incident beam and prevent analysis. Figure 8 (a) exhibits regular and well-defined patterns in the underlying GaN buffer layer even though the NBE wavelength shifts by only 3 nm at most. In figure 8 (b), the stresses measured by DRCLS are compared with stresses from finite element calculations using the shifts of Raman peaks. These plots demonstrate that DRCLS is capable of measuring local stress and, in this case, that stress extends several micrometres away from the microcracks. While cracks relieve the tensile stress of the AlGaN/GaN junction, nevertheless figure 8 reveals the presence of microcracks and extensive variations in biaxial stress on a GPa scale laterally. These features diminish with higher E B excitation as expected due to the near-surface nature of the interface stress. Near-surface DRCLS studies have established that surface asperities such as step edges, pits, and mounds on a semiconductor surface are electrically active with states in the band gap that act as recombination centres for free charge.
Based on studies of a wide variety of ZnO single crystals, Doutt et al demonstrated that the intensity ratio I(NBE)/I(defect) near the free surface increased monotonically as surface roughness decreased [37] . The highest NBE emission intensity and hence the lowest non-radiative recombination occurred for surfaces with root mean square (rms) roughness of 0.5 nm, that is, unit cell dimensions. This DRCLS application demonstrates that: (i) localized states exist at sites of surface roughness that act as recombination centres and (ii) optoelectronic applications of thin films achieve optimal efficiency when surface roughness is minimized on a unit cell dimension. Hence near-surface CLS reveals both a roughness figure of merit for semiconductor polishing and etching as well as its physical basis.
DRCLS coupled with Kelvin probe force microscopy (KPFM) and surface photovoltage spectroscopy (SPS) further extend the ability to probe electronic states near the surface.
Here low E B micro-CLS spectra localized to atomic steps or pit edges display gap state emissions that increase in intensity with lateral proximity to the surface asperity [38] . These studies also show that gap states due to lattice vacancies are associated with nanostructures on ZnO surfaces and that these lattice vacancies increase with proximity to the nanostructure. DRCLS lends itself to probing the formation of these nearsurface defects in three dimensions as the nanostructures grow. Early DRCLS studies of GaAs surface reconstructions showed a correspondence between gap states and Ga versus As surface composition [39] . Researchers have also used a strongly biased scanning tunnelling microscope (STM) tip to stimulate CL spectra with ZnO [40] . Together with earlier STM CL studies [ [41] [42] [43] , their results suggest alternative avenues to identify surface lattice structures and elements with specific gap state energies.
Extended depth studies
DRCLS studies on an extended depth scale provide a wide variety of additional information on semiconductor multilayer structures. Weakly coupled superlattices used for negative differential resistance (NDR) can develop multiple domains with different electric field strengths with applied bias. Cathodoluminescence spectra of heavily doped GaAs-AlAs superlattices under applied bias can gauge the strength of these fields from band edge shifts in energy [44] . The energy of band-to-band luminescence decreases with increasing field due to the Franz-Keldysh effect [45, 46] . Figure 9 illustrates the spatial variation of miniband energies inside the superlattice under an applied bias of 3.2 V over the superlattice thickness of ∼1600 nm-a 20 KV cm −1 average field-versus proximity to the anode. Figure 9 (a) inset illustrates the variation of conduction miniband and its wavelength dependence on E B and probe depth. As probe depth increases toward the anode, the dominant emission peak shifts from 789 (peak I) to 792 nm (peak II). This bimodal shift indicates that the superlattice electric field breaks into two distinct domains with different electric field strengths. Significantly, a higher applied bias of 8.2 V does not create additional domains. Again, only two domains are present, as indicated by peaks II and III, which are shifted to longer wavelength than in figure 9(a) due the higher overall fields. The Ploog Group modelled the energy dissipation of the incident beam coupled with the incident beam penetration in order to extract the depth of the domain boundary. Their results were consistent with the depthdependent variation of high-versus low-field peak emission intensity. A best fit for the 8.2 V bias spectra yielded 17 and 21 well widths for the low-and high-field domains, respectively. Thus DRCLS provides not only the number of electric field domains within the superlattice but also the position of the domain boundary and its excess charge required to produce the electric field difference.
Another application of subsurface and bulk DRCLS is the determination of crystal quality versus distance from a growth substrate. Carrier concentrations and mobilities of GaN grown by various techniques are known to depend sensitively on film thickness. Coleman et al used a 5-25 keV electron beam, corresponding to an R B of 0.2-3.3 μm according a KanayaOkayama model of excitation depth [13] , to probe the NBE and defect emissions inside a 3 μm thick GaN films grown on sapphire by organometallic chemical vapour deposition (MOCVD) [47] . Taking into account the excitation power dependence of the emission intensities, the Coleman group found that the MOCVD films exhibit a strong decrease in defect emissions toward the free surface, indicating that crystal quality increases with film thickness. This represents the first systematic study of optical quality as a function of film thickness. The results are consistent with the decreasing density of morphological imperfections commonly observed in cross-sectional transmission electron microscope (TEM) studies of thick GaN films.
Pereiera et al used DRCLS to measure alloy composition versus depth within InGaN films grown on GaN/Al 2 O 3 (0 0 0 1) substrates [48] . They observed variations in NBE energies corresponding to continuous changes in alloy composition from 14% to 20% In over a nominal 75 nm thick film. By distinguishing between energy shifts due to strain versus composition, they showed an increasing In mole fraction along the growth direction that scaled with the degree of strain relaxation. In atoms are excluded from the intimate InGaN/GaN junction in order to minimize strain. With increasing thickness, the InGaN film begins to relax, allowing incorporation of additional In. Hence, DRCLS reveals that strain can be a major driving force for composition variations during epitaxial growth.
Another extended depth application of DRCLS is the variation of defects with depth associated with different growth modes. Ong and Du combined DRCLS with Rutherford backscattering spectrometry (RBS) and AES to study the evolution of defects versus depth in ZnO thin films grown by pulsed laser deposition (PLD) on Al 2 O 3 (0 0 0 1) under O-deficient and Zn-deficient conditions [49] . This work revealed that several types of defects are present in these films whose type and spatial distribution depend strongly on film stoichiometry. Previous work suggested that initial ZnO growth can nucleate with different defect distributions with either columnar or as two-dimensional layers. The DRCLS work shows that crystal uniformity and quality depend on control of the initial growth mode.
Each of the bulk crystal studies is careful to take into account the effect of self-absorption on the relative NBE and defect intensities. Self-absorption of light from depths more than a few hundred nm below the free surface can shift the NBE emission to lower energies, i.e. 'red shift', by absorbing the higher energy photons preferentially. Gelhausen et al highlight the importance of self-absorption for thick samples in analysing composition from band edge shifts [50] . They compared the depth-resolved NBE peak shift using Monte Carlo simulations to those observed experimentally. Differences between calculated and measured peak shifts were attributed to strain, near-edge defects and alloy variations.
Cross-sectional studies provide an alternative method to avoid self-absorption effects and to measure material properties at depths otherwise limited by electron microscope energies. With this technique, Zaldivar et al found enhanced defect emission near the interface of an 8 μm thick GaN epilayer on Al 2 O 3 (0 0 0 1) [51] . They attributed enhanced mid-gap emission near this junction to stacking faults and dislocations dressed with point defects. Likewise, electron beam-induced current (EBIC) measurements performed in cross-section at various depths show strong decreases in minority carrier lifetime and diffusion length with proximity to GaN/Al 2 O 3 interfaces. These transport effects were attributed to scattering at threading dislocations [52] .
Cross-sectional CLS can also establish the presence of atomic interdiffusion between electronically active layers. Such interdiffusion can strongly affect carrier transport throughout thin epitaxial films. At GaN junctions with sapphire, the most common substrate for device development, degenerate doping can occur due to native point defects, morphological defects such as stacking faults or dislocations, impurities, the initial growth surface, or complexes generated from the substrate. A conductive channel created by such effects can act to 'short-circuit' devices fabricated on the outer film surface. In order to determine the physical nature of these defects, Goss et al obtained high resolution, low-temperature CL spectra from 70 μm thick GaN grown hydrothermally on Al 2 O 3 [53] . They correlated the intensities of a donor-bound exciton strongly associated with O shallow donors by Hall measurements with the density of oxygen impurities extending away from the GaN/Al 2 O 3 interface measured by SIMS. The outdiffusion of oxygen is consistent with the high (>1000
• C) temperatures involved with hydrothermal vapour phase epitaxy (HVPE). The cross-sectional CLS measurements provide direct evidence to identify the donor responsible for the interface doping.
Applications for device materials and structures
As devices shrink into the nanometre regime, non-destructive evaluation of the physical properties inside semiconductor devices on that scale has become increasingly important. The relevance of DRCLS to optoelectronic devices is natural, given the direct impact of parasitic emissions and nonradiative recombination on light-emitting efficiency. In addition to the quantum well and superlattice applications already described, the non-destructive detection and control of defects and inhomogeneities in small volumes is important for photodetectors, solar cells, semiconductor optical amplifiers, erbium-doped optical fibre amplifiers, as well as many other high-speed and photonic applications [54] . The extension to microelectronic devices finds many applications, including (i) the identification of defects, atomic diffusion, and chemical composition changes during device growth and processing and their impact on device properties; (ii) the identification of degradation mechanisms inside devices under operating conditions and their use in models that can predict device lifetime. Such predictions are especially timely for nextgeneration device materials and structures that are evolving too rapidly for extended life tests to be relevant.
A key challenge is to perform studies on actual device structures, whose dimensions may be in the sub-micrometre range, a regime in which diffraction limits typical optical diagnostic techniques such as photoluminescence, absorption or Raman spectroscopy. Furthermore, it is desirable to probe devices under actual operating conditions in order to identify the effects of temperature, mechanical strain and electrical stress on such microstructures. The following sections describe DRCLS applications to both materials structures with nanoscale dimensions prior to device fabrication as well as actual electronic devices under operating conditions.
Application to Schottky diodes
DRCLS provides the capability to probe electronic features at intimate metal-semiconductor interfaces. By the 1980s, researchers using surface-sensitive electron energy loss and soft x-ray photoemission spectroscopy (SXPS) had already observed interface reactions, interdiffusion and Fermi level movements that occurred with less than a few atomic layer thicknesses of metals on semiconductors and even near room temperature [55] . Electronic changes over these limited thicknesses nevertheless could introduce localized electronic states that alter Schottky barrier heights [56] . DRCLS measurements of actual diodes now allow researchers to relate electronic features at these local interfaces and below the free surface directly to electrical transport measurements.
The application of DRCLS to metal-ZnO Schottky barriers provides numerous examples relating nanoscale interface features to macroscopic electrical measurements. The inset of figure 10(a) illustrates the cross-sectional geometry of electron beam excitation both through the metal diode and at its periphery. Metal thicknesses of 30-50 nm satisfy two main requirements: (i) the overlayer is thick enough to be characteristic of the bulk metal and (ii) the overlayer is thin enough to pass cathodoluminescence from the interface through the metal with negligible attenuation. Typically, E B = 5 keV through the diode and 2 keV at its periphery enable a direct comparison of the semiconductor at the same depth, so that any spectral changes must be due to effects of the metal rather than any semiconductor artifacts. ZnO single crystals and films grown and processed by different methods often contain widely varying levels of defect and impurity emissions [57] , so that unambiguous comparisons require spectra from the same crystal and as close together in three dimensions as possible. In addition, it is desirable for the ZnO under test to have relatively low-defect levels so that any metal-induced changes at the interface are not masked by bulk emissions.
In the case of a 500 μm diameter Al diode deposited on ZnO at room temperature, the DRCL spectrum under versus next to the metal in figure 10(a) shows the 3.36 eV NBE feature in both and a broad deep-level emission centred at 2.45 eV that increases by an order of magnitude [58] . In contrast, a Au diode deposited on the same ZnO surface shows no spectral changes at room temperature. The currentvoltage (I -V ) characteristics of the Al diode are ohmic with high forward and reverse currents. I -V curves for Au show rectifying characteristics instead [59, 60] . The Al-ZnO diode remains ohmic with annealing. Similarly, the Au-ZnO diode remains rectifying until a temperature of 650
• C, at which the I -V characteristic becomes ohmic. DRCL spectra in figure 10(b) show that a new defect emission appears at ∼2 eV at this temperature. The depth sensitivity of DRCLS enables detection of these additional luminescence features even though they extend only nanometres beyond the metal interface. The intensity of these interface features rapidly decreases with increasing excitation depth. Hence techniques such as photoluminescence whose excitation depth is typically much larger than buried interface widths will be proportionally less sensitive to local interfaces below the free surface.
The nature of the defects created by these metal contacts is related to chemical interactions at the metal-ZnO interfaces. The ∼2 eV feature appears when the annealing temperature exceeds that of the Au-Zn eutectic, at which point the metal extracts Zn atoms from the adjoining ZnO lattice, leaving behind zinc vacancies V Zn . Figure 10 (b) inset represents this mechanism of defect creation schematically. This identification is confirmed by a correlation of the 2 eV emission intensity with the density of V Zn measured by PAS [61] . The 2.45 eV feature reflects the Al bonding with O at the intimate Al-ZnO interface and can be identified with oxygen vacancies V O or their complexes as suggested by previous studies [62] . DRCLS studies support this identification as well. This 2.45 eV emission decreases in the near-surface region with exposure to a remote oxygen plasma (ROP), suggesting the filling of vacancy sites with oxygen atoms [63] . Indeed, I -V characteristics for a Au-ZnO transform from ohmic to rectifying with this ROP treatment, and 1/C 2 -V measurements reveal a corresponding decrease in doping density within 50-100 nm of the metal-ZnO interface [64] . The higher carrier density associated with the 2.45 eV emission within the surface space charge region can account for lower Schottky barriers due to increased tunnelling through the barrier [65] .
There is ample evidence for chemical reactions at diode interfaces as measured by DRCLS. One of the most dramatic examples is the Ta-ZnO diode interface. Figure 11 shows E B = 5 keV DRCL spectra for Ta-ZnO(0 0 01) interfaces and their corresponding I -V characteristics on two different crystals. In figure 11(a) , mid-gap defect and NBE emission intensities are comparable after annealing, which reduces the 2 eV emission by orders of magnitude. At annealing temperatures of 550 and 650
• C, figure 11(b) shows both the forward and reverse currents decrease by orders of magnitude, representative of a blocking contact [66] . In addition, the I -V for the interface annealed to 450
• C is offset by −0.5 eV, indicative of an interface dipole that alters the effective electric field across the diode. Figure 11(c) shows another Ta-ZnO(0 0 01) interface for a crystal with lower initial mid-gap defects. Here again defect densities increase with annealing, but much less than for the higher bulk defect density crystal. Whereas the I -V for the high-defect ZnO becomes more conductive at 550
• C, the low-defect ZnO contact changes from ohmic to blocking but remains blocking for all anneal temperatures in figure 11(d) . The leakage current increase for the high-defect ZnO contact indicates that the presence of high-defect concentrations promotes interface alloying and reactions that produce additional defects. In turn, these defects degrade Schottky barriers and blocking layers. Also, figure 11(c) inset shows the appearance of a new emission at ∼4.1 eV with a 550
• C anneal. This energy agrees well with the ∼4.2 eV band gap energy of Ta 2 O 5 [67] and demonstrates the ability of DRCLS to measure optical transitions within nmthick reaction products at metal-semiconductor interfaces.
The application of DRCLS to metal-semiconductor diodes reveals the importance of resident native point defects in: (i) promoting reaction, (ii) forming and degrading interfacial layers, as well as (iii) introducing defects that can increasing doping densities or enable hopping transport through Schottky barriers. These effects are magnified by the segregation of high densities of defects to surfaces and interfaces at concentrations comparable to those of bulk carriers [30] . Processing steps that alter the distribution of these defects as monitored by DRCLS can produce major changes in diode I -V characteristics. For example, figure 12 illustrates the effect of ROP treatment on diodes of the same metal on the same ZnO surface [68] . The schematic diagram illustrates the sequence of measurements. First, Au diodes termed Au I are deposited on as-received/chemically cleaned Zn-or O-terminated surfaces. These surfaces then receive an ROP treatment. Finally, Au diodes termed Au II are deposited on the ROP-treated surfaces.
The effect of ROP treatment on the DRCL interface spectra and the free carrier densities measured from 1/C 2 -V plots are shown in figures 12(a) and (b). For both Znand O-polar surfaces, ROP treatment decreases the 2.5 eV emission associated with new donors. For the Zn-polar surface only, ROP treatment also introduces 2.1 eV emission due to Zn vacancies, which act as acceptors to reduce carrier densities. Indeed, figure 12 (a) inset shows a 2× decrease within 200 nm of the free Zn-polar surface. Significantly, O-face carrier densities for Au II diodes are twice as high at Zn-polar surfaces than at Au I diodes before ROP treatment. Carrier densities for Au I diodes could not be measured on O-polar surfaces because they are even higher. Consistent with these measurements, Au II diodes are rectifying while Au I diodes are ohmic. Here again, DRCLS provides a microscopic physical basis for the carrier densities and barrier heights measured electrically because of its capability to probe within nanometres of the metal-semiconductor interface.
Interface-specific DRCLS can uncover the physical nature and spatial distribution of nonuniformities commonly observed in the I -V characteristics of single diodes. In the case of an array of Ni diodes patterned on a 4H-SiC surface, DRCLS reveals a striking correspondence between deep-level defects and electrical transport measurements on a diode-bydiode basis. These diodes exhibit both ideal and non-ideal diode characteristics due to multiple barriers within individual contacts [69] . Ideal diodes displayed current characteristics that increased exponentially with forward bias, whereas nonideal diodes exhibited excess current at low voltages that could be modelled using thermionic emission theory [70] as two Schottky barriers in parallel [71] . Figure 13 illustrates the diode pattern, the CL spectrum of the full 500 μm diameter diode, and the CL spectra from two areas within that diode. The full diode spectrum exhibits the NBE emission at 3.2 eV as well as broad emissions extending from 1.8 to 2.8 eV due to gap states. By subtracting out the broad 2.45 eV emission commonly observed for most diodes, one finds two additional gap state emissions at 2.2 and 2.65 eV whose intensities vary between diodes. The Area 1 spectrum displays strong emission entirely for the 2.65 eV emission, while the 2.2 eV emission is stronger in the Area 2 spectrum. Hence the DRCL spectrum of the entire diode area represents a weighted average of the two more localized spectra. The 2.2, 2.45 and 2.65 eV emissions are complementary to transitions from states 1.07, 0.82 and 0.62 eV below the conduction band E C of the 3.27 eV 4H-SiC band gap. These energies agree with multi-component Schottky barriers of 1.05, 0,87 and 0.6 eV typically observed in pronounced double barrier diodes. The 2.65 eV peak was observed only in diodes that exhibited double barrier behaviour. The lower of the dual Schottky barrier heights obtained from I -V measurements was ∼0.6-0.8 eV, in agreement with deep-level transient spectroscopy (DLTS) measurements of a companion CVD-grown 4H-SiC epilayer that measured deep levels at E C -0.62 eV. The 2.2 and 2.65 eV emissions can be associated with specific defect complex and polytype inclusions. The broad 2.45 eV luminescence is usually assigned to B-related defects.
While screw dislocations and micropipes are detected in these diodes, there was no correlation between the ideality factors, barrier heights or reverse leakage currents and the numbers of these morphological imperfections under each diode. Thus the spatial distributions of point defects measured by DRCLS among and within individual diodes rather than any morphological features can account for the diode barrier inhomogeneities measured electrically. These results suggest that surface and interface-specific DRCLS has the potential to predict diode uniformity nondestructively prior to metallization.
Application to solar cells
The depth profiling capability of DRCLS provides a new avenue to probe multilayer solar cell structures. In addition to the intrinsic properties of the absorption layers, the efficiency of solar cells is limited by defects and interfacial chemistry introduced during fabrication. CLS provides a useful tool to probe electronic and chemical properties of polycrystalline grains and grain boundaries. These changes can have a major effect on charge separation and transport within the generation layers, which are critical to solar cell efficiency. For example, AES measurements of copper indium gallium diselenide (CIGS) films cleaved in UHV reveal a decrease in grain boundary copper content relative to the bulk [72, 73] , confirming theoretical predictions [74] of compositional and band structure changes which can reduce electron-hole recombination. In addition to CL imaging of dislocations [75, 76] , most CLS measurements have been in plan view [77] [78] [79] [80] or in cross-section [81] . DRCLS studies of solar cell layers reveal defect distributions extending away from the free surface [82] and their relation to surface morphology [80] . However, these plan-view features of solar cell materials convey only a partial view of the properties inside the assembled multilayer structure.
DRCLS can also probe electronic properties inside actual solar cells and relate the defect and band structure features to real solar cell performance. As various semiconductorbased technologies move from the lab to manufacturing, new diagnostic techniques are needed to assess the electronic properties of the assembled multilayer solar cell structures on a microscopic scale. DRCLS measurements throughout the various layers within the solar cells can reveal local spatial variations in the semiconductor band structures, even within a single grain [73, 83] . For solar cells consisting of a CIGS absorber, a CdS/ZnO heterojunction, and an indium tin oxide (ITO) transparent conducting oxide (TCO) cover electrode, band gap and defect correlations to the efficiency, open circuit voltage and short circuit current characteristics show evidence for alloying or intermixing between the CdS and ZnO layers that degrade solar cell performance. These solar cells were manufactured by Ascent Solar and intentionally selected to exhibit a range of electrical properties. DRCL spectra within each of the layers and at their interfaces showed that: (1) open circuit voltage V OC decreased as ZnO NBE peak energy increased, indicating a detrimental effect of ZnO/CdS interfacial alloying; (2) short circuit current J SC quantum efficiency (QE) increased by nearly 10% as ZnO NBE peak intensity increased, showing that reduced defect density within the ZnO improved solar efficiency by >10%; and (3) J SC QE also increased with ITO NBE intensity, showing that reduced defect density inside the ITO layer improved cell efficiency as well. These effects may reflect the movement of minority hole carriers from the ZnO and ITO layers into the CdS/CIGS junction region, where they recombine at deep levels observed within the ZnO, CdS, CIGS and interfacial layers. The significant variations in V OC and J SC QE of operating solar cells with their local electronic structure highlight the role of DRCLS as a diagnostic tool to assess and guide the improvement of solar cell structures.
Application to oxide-semiconductor interfaces
With the scaling down of complementary metal-oxidesemiconductor (CMOS) devices into the nanoscale regime, there is an urgent need for high permittivity, i.e. high-k dielectrics to maintain threshold capacitances despite shrinking dimensions. Candidate materials that can substitute for SiO 2 include HfO 2 , ZrO 2 and their alloys. A primary challenge in incorporating these new materials is to minimize the electronic traps within the dielectric and at its interfaces. The traps in high-k dielectrics and at their interface with Si are substantially higher than for SiO 2 on Si. These cause trapping, Fermi level pinning, degradation of Si carrier mobility and transient threshold voltage shifts that degrade MOS fieldeffect transistor (MOSFET) performance [84] . However, these traps depend sensitively on growth and processing, and their electronic effects are apparent only after device fabrication. In addition to electrical measurements, diagnostic tools such as EPR on transistor structures have been effective in detecting and characterizing the nature of these states. DRCLS has proven valuable in assessing these traps electronically both in ultrathin deposited films as well as in assembled metal-oxideSi device layers.
Early DRCLS work examined PECVD-deposited, ultrathin SiO 2 /Si interfaces processed under various thermal and ambient conditions. Figure 14 illustrates the evolution of defect emissions versus annealing treatment at 5 nm thick SiO 2 on Si interfaces using E B = 2 keV to probe the interfacial region preferentially [85] . Each curve is a composite of S-20 phototube and Ge photodiode spectra spanning infrared to the ultraviolet energies. The as-deposited interface displays defect emissions at 0.8 and 1 eV that are related to interfacial Si-atom dangling bond defects with different numbers of Si and O atoms back bonded to the Si atom with the dangling bond. The broad emission peaked at 1.9 eV is assigned to luminescent transitions involving a suboxide bonding defect in the transition region near the grown interface. A forming gas (FG) anneal lowers the 1.9 eV defect intensity, partially passivating these defects in the transition region. A rapid thermal anneal (RTA) at 900
• C known to produce atomically abrupt SiO 2 /Si interfaces eliminates these transition region defects but leaves the Si dangling bond defects. Finally, a FG anneal at 400
• C following the 900 • C RTA passivates the Si dangling bond defects, reducing interface state densities measured electrically down to at the least the mid 10 10 cm −2 eV −1 range [86] . This value also indicates a meaningful lower limit on the detection of defects using DRCLS. The ability to monitor successive reduction of defects at the SiO 2 /Si interface in multiple process steps demonstrates how DRCLS can be useful in optimizing process steps for other oxide-semiconductor interfaces without the need to fabricate device structures.
DRCLS is able to detect defects inside metal/high-K dielectric/Si MOS structures. Figure 15 displays DRCL spectra measured inside 4 nm thick HfO 2 deposited films sandwiched between Si and a 10 nm Mo gate metal before and after a FG anneal [87] . These heterostructures are represented schematically as insets in figure 15. They were fabricated at Motorola with a variety of conventional process sequences in order to identify optimal conditions that minimize HfO 2 defect densities. With increasing E B , DRCLS first detects defect emissions at 3.35, 3.9 and 4.3 eV that increase as the electron cascade extends past the metal into the HfO 2 . These energies correspond to the three charge state transition energies predicted theoretically for oxygen vacancies in HfO 2 [88] . Deeper penetration introduces defects at 2 and 2.5 eV that correspond to the HfO 2 /Si interface. These states increase strongly with a FG anneal. Their energies are close to those of native defects in SiO 2 , namely, the non-bonding oxygen hole centre (NBOHC) at 1.9 eV, i.e. a hole trapped in a pure 2pπ orbital of a single O bonded to a single Si bonded to three O atoms in the SiO 2 structure, denoted ≡Si-O· [89] and E' oxygen vacancy, i.e. an unpaired spin in a dangling tetrahedral orbital of an undercoordinated Si atom, denoted ≡Si· (positively charged O vacancy) [90] . Both are illustrated in figure 15 . The emergence of these SiO 2 -like emissions indicates the formation of a Hf silicate, HfSiO 4 , with similar defects. Their presence mirrors a 0.8 nm SiO 2 -like interfacial layer known to form after HfO 2 deposition, typically growing a few Å after RTA with a Mo electrode. Hence DRCLS is capable of detecting interface features inside and at the interfaces of films only 4 nm thick even when covered with a metal overlayer. Furthermore these defect states vary dramatically between process sequences and can be understood in terms of known reactions at HfO 2 -Si interfaces.
More recent work on ultrathin oxides at buried interfaces includes the properties of interfacial layers at high-k dielectric MOS interfaces. For the promising dielectric LaLuO 3 , DRCLS is used to measure trap energies and relative densities in metal/LaLuO 3 /Si stacks, defects produced by LaLuO 3 -Si interdiffusion, and suppression of these defects by monolayerthick Al 2 O 3 interlayers [21, 91] . DRCLS detects a set of three deep levels at energies above the valence band that are consistent with LaLuO 3 oxygen vacancies predicted by theory [92] as well as a 5.5 eV band gap. Oxygen annealing meant to reduce oxygen vacancies instead introduces an interfacial layer between LaLuO 3 and the Si substrate that leads to an increase in effective oxide thickness (EOT) and deformed C-V curves. New traps are measured by temperature dependent I -V of leakage conduction at 0.66 eV below the conduction band that DRCLS also detects. In order to isolate the LaLuO 3 /Si interface, Shen et al introduce a differential DRCLS technique that further enhances depth resolution [21] . The Al 2 O 3 monolayer acts as a diffusion barrier to suppress the LaLuO 3 -Si reaction and the associated trap states. DRCLS confirms the central role of the barrier layer in removing traps in the LaLuO 3 gate stacks with oxygen annealing without significantly degrading dielectric EOT.
Application to TCOs
TCOs have many opto-and microelectronic applications including electrodes for photovoltaic cells and flat panel displays, LEDs and laser diodes. DRCLS can provide information on doping density, doping uniformity and the nature of dopants for highly degenerate n-type, Ga-doped ZnO [93] , now becoming a useful replacement for ITO. Large scale production of ZnO-based TCOs attractive for several reasons: (i) ZnO is environmentally compatible, as opposed to the heavy metal In in ITO, which is not. Only a very low fraction of the heavy metal Ga is required; (ii) Zn ore from mines is readily available so that cost is relatively low [94] . Figure 16 shows DRCL spectra of thin Ga-doped ZnO (GZO) grown by PLD that exhibit characteristic features of degenerately doped semiconductors [95] , e.g., a broad asymmetric free-electron recombination band extending to energies above the band gap [96] . DRCL spectra display luminescence involving filled conduction band states which provide the Fermi level cutoff and an integrated area, both of which provide a measure of free carrier density. This carrier density tracks with measured Hall density and with optical absorption threshold, which depends on the Burstein-Moss effect [97, 98] . Figure 16 inset shows not only filled conduction band-to-valence band emission but also defects within the band gap. Peaks at 1.6-2.1 eV correspond to Zn vacancies and Zn vacancy complexes established by correlation with PAS [61] . Figure 16 includes measurements of GZO films grown under both Ar and FG atmosphere and with a range of degenerate doping extending over nearly an order of magnitude. The NBE-normalized Zn vacancy-related emission intensity I (V Zn − R)/I (NBE) exhibits a systematic decrease with increasing free carrier density determined from Hall measurements [99] . This indicates that these native point defects are directly involved in the doping process, either at or below the free surface as the crystal is growing. As Zn sites are filled with Ga, V Zn sites are removed that would otherwise act as doubly charged acceptors and Ga Zn sites are created that act as donors. This trend is reflected in the decreasing V Zn -R emission with increasing free carrier density. This decrease in V Zn -R emission with increasing dopant incorporation is also evident in studies of ZnO doped with Li [100] . Here the formation of Li on Zn sites, Li Zn , presents a distinct optical signature that increases as V Zn -R emission decreases. The Li Zn intensity measured by DRCLS as a function of depth matches the Li incorporation concentration versus depth measured by SIMS, thereby confirming the Li nature of the defect. Likewise, scanning spreading resistance measurements (SSRM) matching the SIMS [Li] profile confirm the acceptor nature of the Li Zn emission. Hence the depthresolved capability of DRCLS to measure electronic structure versus depth enables (i) the identification of the Li Zn lattice site emission, (ii) the acceptor nature of this optical emission and (iii) the central role of Zn vacancies in the Li incorporation as a p-type dopant. Figure 17 . Anticorrelation of V Zn -related defects and carrier density n CL versus probe depth of degenerately doped ZnO : Ga. Electron carrier density decreases at depths where V Zn acceptors increase. The variation on a scale of 5-10 nm can affect electrical measurements. After [95] .
The Fermi level cutoff feature in these spectra enable measurements of free carrier density as a function of depth, even in films only a few tens of nm thick. For example, figure 17 shows that a film grown by PLD under FG at 600
• C exhibits oscillations in carrier density with depth. Using a differential technique to improve depth resolution, Doutt et al found that such oscillations can occur on a scale of only a few nanometres [96] . Significantly, the V Zn -R intensities from the same spectra anti-correlate with the free carrier density determined from the Fermi level cutoff. This is consistent with the acceptor nature of V Zn sites, which act to decrease the otherwise n-type doping density. This is consistent with the correlation of V Zn -R defects to carrier density shown in figure 16 . These DRCLS results raise the possibility of controlling vacancy defects during and following the growth process to assist doping in semiconductors such as ZnO.
Application to transistors
DRCLS has provided a wide range of information on stateof-the-art transistors, in particular, the AlGaN/GaN high electron mobility transistors (HEMTs) now widely used for high frequency, high power applications. These devices rely on a high carrier density, high mobility channel layer at the AlGaN/GaN heterojunction. Both the carrier density and the mobility are extremely sensitive to the quality of the semiconductors and their interface. Large variations in quality within the same crystal wafer can occur that determine carrier mobilities and whether or not channels exist at the resultant HEMTs.
Lateral DRCLS obtained from specific depths provides information on composition and defects to account for the variations in HEMT properties. Figures 18(a) and (b) depict the lateral and cross-sections geometries of this application, respectively [101] [102] [103] [104] [105] [106] . Figure 18(a) shows how DRCL spectra are acquired at increasing radial distances of the wafer. For a wafer of GaN with a 50 nm AlGaN barrier layer and a 2 nm GaN overlayer, depicted in figure 18(b) , an incident electron beam with E B = 2 keV provides spectra that are sensitive primarily to the two dimensional electron gas (2DEG) at the AlGaN/GaN interface. Figure 18(c) shows spectra versus radial position that include emissions from AlGaN and GaN NBE as well as defects within their band gaps. The AlGaN NBE energy is a function of Al alloy composition. With increasing radius, the AlGaN NBE energy increases from 3.72 to 3.92 eV, indicating an increase in Al content. This variation alters the AlGaN barrier layer band gap and band offset with GaN. In addition, the intensity of mid-gap defects at 2.34 eV increase then decrease with radial position, reaching a maximum at intermediate radii. Such defects are associated with transitions termed yellow luminescence (YL) at this energy from a shallow donor, e.g., a N vacancy, to a deep acceptor level, e.g., a Ga vacancy [107] [108] [109] . These deeplevel defects promote free carrier recombination, lowering carrier density and hence the ultimate current density of devices fabricated at these wafer locations. These variations are apparent in the DRCL spectra at the 2DEG heterojunction depth but not for excitations extending beyond this layer.
AES depth profiling of the regions with high-defect density provided elemental composition versus depth, which revealed significant interdiffusion between AlGaN and GaN at these radial positions that could account for the increased defect densities. The ability to observe such imperfections without ablating the wafer surface using DRCLS represents an attractive alternative to AES sputter depth profiling. At the relatively low beam energies, current densities and fluences used here, no induced defect changes or interdiffusion are observed. Furthermore, DRCLS can rapidly identify process conditions, e.g., temperature and flux uniformity across the wafer, informing growth conditions that can improve quality.
The charged nature of the defects act to disrupt the AlGaN/GaN 2DEG. Comparison of AlGaN/GaN wafer sections that form high quality 2DEGs versus those for which a 2DEG is absent reveal strong differences in DRCLS emissions. Figure 19 (a) shows DRCL spectra of AlGaN/GaN HEMT layers used to fabricate transistor structures that had no electrically measured 2DEG channel. These layers exhibit strong defect emission at energies of 2.34 eV at 2DEG depths. In contrast, figure 19(b) shows almost no defect emissions at this energy for the same range of depths, increasing only for excitation into the GaN layer below the 2DEG. A Poisson solver analysis of the 2DEG well simulates the band bending and charge accumulation at the AlGaN/GaN interfaces under HEMT operating conditions, and it shows that additional acceptor states within the AlGaN layer can decrease the well depth. At high enough acceptor densities, the 2DEG is absent. These results not only account for the absence of 2DEG channels in high-defect HEMTs but also provide a rough calibration of the DRCLS defect density, in this case, I(defect)/I(GaN NBE) of ∼5 corresponds to defect densities of ∼10 18 cm −3 . Here band bending changes due to electron beam injection are independent of the device measurements.
DRCLS can detect defect formation at buried transistor channels of high mobility semiconductors such as InAlAs. Figure 20 (a) illustrates a cross-sectional schematic inside an InP-based lattice matched InAlAs HEMT. Here, gate length, gate width and InAlAs layer thickness are 0.1 μm, 1 μm and 20 nm, respectively, with the channel located hundreds of nm below the free surface [110] . Salviati et al measured the formation of defects in this buried channel layer with electrical stress, i.e. hot electrons forming defects within the gate-drain region of the stressed device [111] . Figure 20(b) shows the changes in DRCLS lineshape at 1523, 1358 and 1428 wavelength attributed to, respectively, the NBE in the upper n-doped InGaAs cap layer, and band bending of the quantum well forming the undoped InGaAs channel below the InAlAs layer. The latter exhibit changes in lineshape as E B is decreased to 8 keV to emphasize the quantum well.
In figure 20 (c), a peak at 846 nm observed at E B = 8 keV increases with electrical stress, suggesting formation of a deep level within the InAlAs layers. In the case of heterojunction bipolar transistors (HBT's), Borgarino et al used DRCLS to detect the base-dopant outdiffusion of Be induced by electrical stress in a real AlGaAs/GaAs Be-doped device [112] . Such outdiffusion of the p-type dopant into the emitter layer during the device operation can significantly degrade device reliability. DRCL spectra in the 10-14 keV range showed pronounced new emission appearing after electrical stress at 10 keV that diminishes at 14 keV. Single scattering Monte Carlo simulations show that the E B = 10 keV beam excites only the shallower emitter layer, whereas E B = 14 keV excites deeper past the AlGaAs/Be-doped base layer interface. The new emission is assigned to a Be-related transition in AlGaAs emitter layer. SIMS measurements show the presence of Be within the emitter layer, confirming these DRCLS results.
DRCLS measurements at energies tuned to the AlGaN/GaN depth can provide defect information specific to the 2DEG region of state-of-the-art transistors within an actual die layout. Jessen et al used a UHV SEM to probe Ti/Al/Ni/Au ohmic contact resistances in transmission line measurement (TLM) structures within dies patterned on the same AlGaN/GaN wafer [113] . DRCLS enabled the assignment of defect emissions to particular layers and their interfaces. Thus DRCLS could distinguish defect emissions found near the surface from those associated with high sheet resistance found within the AlGaN layer itself. They found a statistical correlation of YL intensity with contact resistance ρ c extending across TLM structures on the same wafer as well as within wafers with different Al mole fraction. Such defects can alter the Fermi level position at the metal-semiconductor interface, reducing the 2DEG carrier density and increasing ρ c . Furthermore, they showed a correlation of sheet resistance with AlGaN NBE energy and thereby the Al mole fraction. With decreasing Al mole fraction, channel carrier density decreases, consistent with an increasing sheet resistance. Figure 21 shows that ρ c increases with DAP/YL across arrays of high frequency HEMT's on SiC (DU14) and Al 2 O 3 (AB06) substrates [114] . Furthermore, figure 21 inset shows that the average unitycurrent gain frequency f T decreases with increasing DAP/YL for these same HEMT's, consistent with increasing ρ c . DAP and YL alone do not correlate with ρ c , indicating an interplay between these defects that an effective barrier height scattering model involving dislocations can explain. These DRCLS studies provided information useful to predict how these HEMT structures would perform electronically prior to fabrication.
Walker et al correlated near-2DEG defects and AlGaN/GaN HEMT f T as a function of UHV processing conditions used to prepare the GaN gate surface prior to metallization [115] . They combined DRCLS with in situ UHV surface science techniques, gate mask fabrication and processing to demonstrate improvements in f T compared with standard processing. DRCL spectra revealed that a Ga reflux and anneal process intended to reduce Ga vacancy defects at the GaN surface doubled f T and reduced both YL and blue luminescence (BL) substantially compared with standard processing. For HEMT's fabricated on the same wafer with either annealing alone or Ar + sputter cleaning followed by annealing, defect reduction at the 2DEG layer and improvements over standard processing were both smaller.
These measurements served to demonstrate the importance of the gate surface quality and the effect of surface damage on the final device performance. They also showed that improved surface cleaning, annealing and chemical treatment that remove defects as gauged by DRCLS can improve device quality significantly. Figure 22 . DRCLS spectra at 10 K versus E B for MBE-grown HFET samples before irradiation (thin black curves) and after 10 protons cm −1 fluence (thick gray curves). All intensities are normalized to the GaN NBE emission. Irradiation reduces piezoelectric strain and electric fields, shifting AlGaN NBE peak energies higher. The higher energy NBE peak is strongest at E B = 2 keV, where excitation of the AlGaN/GaN 2DEG heterojunction is strongest. Reprinted with permission from [117] Copyright 2002, IEEE.
AlGaN/GaN HEMT's are the major driver for nextgeneration communication technology, particularly for satellites and other aerospace applications. However, these devices are subject to high energy radiation that can also create defects. For example, such defects act to quench NBE emission in GaN layers bombarded with light ions [116] . Figure 22 shows that DRCLS can monitor the changes in electronic structure introduced by radiation at the 2DEG interfacial region [117] . Before 1.8 MeV proton irradiation, spectra display features at 3.42 and 3.73 eV due to AlGaN and GaN NBEs, respectively. After irradiation, these peaks shift up in energy to 3.49 and 3.8 eV, suggesting that strain-induced electric fields that lower the NBE emission energy due to a Franz-Keldysh effect have decreased due to the introduction of defects that lower the strain at the heterojunction. This effect is most pronounced at 2 keV, as evidenced by the AlGaN peak intensity, at which depth the electron beam excites the 2DEG interface region preferentially. In addition, a new peak at 3.19 eV appears that increases with increasing energy, indicating its location primarily in the GaN. As in figure 19 earlier, the presence of acceptor-like trap states near the AlGaN/GaN heterojunction can disrupt the 2DEG. This work illustrates how DRCLS detects both the introduction of new defects and the relaxation of strain in this region.
Micro-DRCLS applications now extend to transistors during actual operation. These studies are aimed at identifying the physical cause of device degradation mechanisms on a microscopic scale. Early work showed that AlGaN/GaN HEMTs experience large increases in temperature and strain under operating conditions. However, because these effects combine with piezoelectric strain and occur in highly localized regions of the transistor, device failure is hard to interpret and predict. Unlike optical measurements, the spatial resolution of DRCLS is not limited by diffraction. Also, DRCLS can probe selectively at 2DEG depths versus deeper into the GaN buffer layer and beyond. Lin et al used DRCLS to measure and map the temperature distribution and defect generation inside state-of-the-art AlGaN/GaN HEMT's on a scale of tens of nanometres [118, 119] . Figure 23(a) shows a scaled crosssectional schematic of a gated HEMT structure. The GaN NBE energy provides a measure of temperature, precise to within an accuracy of ±3
• within an excitation radius of <50 nm. A previous CL study shows a close correspondence with literature, decreasing with increasing temperature up to 900
• C [120] . Figure 23(c) shows measurements across the transistor from the drain to the gate termed 'extrinsic drain' and from the gate to the source termed 'extrinsic source.' Temperature increases during 'on-state' operation toward the gate primarily in the extrinsic drain, reaching a maximum at the drain-side gate. Figure 23 (a) shows these temperature variations across the extrinsic regions and in depth within the AlGaN and GaN layers. These are all obtained by acquiring CL spectra in plan view along the drain-source direction as in figure 23(c) but at different excitation depths [121] . An expanded drain-side gate region is illustrated in figure 23(b) . The magnitude and spatial dimensions of the temperature contours are in good agreement with those calculated for similar HEMT structures [122] . Furthermore, temperature inhomogeneities hundreds of nanometres below the AlGaN/GaN interface are evident that could relate to morphological defects. In principle, these contours could be extended into the third dimension parallel to the gate length.
DRCLS can also measure mechanical strain inside the HEMT structure on a nanometre scale. The NBE energy shifts to higher energy at a rate of 26 meV Pa −1 [123] . Since temperature shifts the NBE energy as well, the strain measurements were carried out under 'OFF-state' conditions, where a negative bias on the gate 'pinches off' the sourcedrain current, preventing any heating. Figure 24(a) shows the dc output characteristics and normalized off-state gate current I G-off as a function of off-state stress voltage V DG between gate and drain. Very little change in I G-off is evident until V DG exceeds a threshold voltage of 28 V. Figure 24 (b) presents the corresponding increase in stress at the edge of the gate on the drain side within the 2DEG channel after an off-state stress. For a 28 V critical V DG , the corresponding stress is ∼0.25 GPa compared with this transistor before stress. Figure 24 (c) presents a representative DRCL spectrum from the 2DEG channel of an off-state-stressed transistor that shows YB and BB emissions present within the band gap at the drain-side gate foot that reveals large voltage differences in these regions. Figure 25 show large variations, while the YB/NBE intensity ratio plotted in figure 25(b) show that decreasing off-state surface potential correlates with increasing YB/NBE. A self-consistent electrostatic model [124] with near-surface dipoles that depend on acceptor level E A and E F positions in the band gap provides the defect densities required to produce these potential changes. Figure 25 (c) shows good agreement of the potential changes with dipole widths of 7 to 9 nm, indicating the location of acceptor states extending from the surface to just beyond the 2DEG interface, that is, largely within the AlGaN layer.
The off-state stress results provide strong support for the inverse piezoelectric mechanism of AlGaN/GaN HEMT degradation [125, 126] . This model is based on lattice defects forming between gate and drain by an off-state field-induced stress normal to the surface that, added to lattice-mismatch strain already present, exceeds the crystal's critical elastic energy density. Consistent with this model are (1) the threshold behaviour shown in figure 24(b), (2) the appearance of native point defects detected by DRCLS near the 2DEG interface, (3) their increase with decreasing surface potential and (4) and the dipole location required to produce these potential changes. Hence, with its ability to probe electronic structure selectively within multilayer structures and their interfaces, DRCLS provides a tool to identify device failure mechanisms in transistors and related electronic devices. Furthermore, the correlation of defect emissions with device failure supports a physical model of degradation that can provide accelerated life tests as well as that can pinpoint specific locations within transistors where failure is likely to occur first.
New directions
New materials structures and devices are constantly being developed with electronic features that depend sensitively on their surface and interface properties. DRCLS can provide spatially resolved electronic information within these structures, particularly as they shrink into the nanoscale regime. One largely unexplored area is with the surfaces and interfaces of complex oxides. The remarkable ferroelectric and ferromagnetic properties of these materials depend strongly on charge transfer at their interfaces as well as on the distribution and movement of electrically active defects common to such oxides. Movement of defects under applied electric fields plays a significant role in new device phenomena such as memristors [127] and tip-induced conductivity [128] . Likewise, defects at magnetic tunnel junctions scatter spinpolarized electronics, reducing the polarization of transferred charge. Furthermore, chemical reaction, phase changes, or lattice distortion can produce local changes in electronic structure that DRCLS can detect. Initial DRCLS studies [129] [130] [131] show that high densities of native point defects are present in these materials, often segregating to their surfaces and interfaces. DRCLS studies now show that defects within ferroelectrics such as SrTiO 3 correlate directly with RF dielectric loss and permittivity [132] . Furthermore, DRCLS studies can extend to superconducting oxides such as YBCO, whose defects can have significant effects on its electronic properties. Surface studies achieved with growth and analysis chambers linked under UHV conditions will enable identification of near-surface defects measured by DRCLS with specific elemental composition and bonding measured by photoemission spectroscopies.
High-k dielectrics represent an area of solid state electronics where DRCLS can also make significant technology contributions.
The ability to probe within ultrathin dielectric films, even when sandwiched between metals and semiconductors, enables DRCLS to measure nondestructively the presence of chemical reactions, the nature and location of electronically active defects in the nm-scale 'bulk' and its interfaces, and the energies of defects relative to the band structure of the metal-dielectric-semiconductor composite.
This capability can be of particular value when evaluating optimal dielectric compositions, growth and deposition methods, and subsequent processing to minimize effects due to electronic trapping. DRCLS at very low energies permits studies at depths of only a few atomic layers.
Studies using incident beam energies of only 50-100 eV generate secondaries with minimum inelastic mean free paths (IMFP) of only 2-10 Å [133, 134] . Plasmons dominate electron energy loss at these energies [135] followed by impact ionization and creation of free electron-hole pairs. Hence for plasmon energies of ∼15-20 eV, only a few such material-dependent losses can occur per IMFP before energies fall below the multiple band gap ionization energies needed to generate electron-hole pairs in semiconductors [136] . DRCLS studies at these low energies with ∼100 μm lateral dimensions on surfaces with single monolayer roughness are now underway to examine the distribution of defects normal to superlattices and other heterointerfaces on a nanometre scale. The ability to restrict excitation on this scale also offers the possibility of probing the differences in electronic structure at nanostructures and especially at their interfaces. A complication to such studies at very low energies is the buildup of carbon at sample surfaces due to decomposition of residual gases within the analysis chamber. This is not of high concern for CLS using electron guns within UHV chambers. Furthermore, with the advent of UHV SEMs, this difficulty can be largely avoided.
The combination of DRCLS with other depth-resolved and defect-sensitive techniques can not only enable identification of defect transition energies with specific defects, but it can also be used to calibrate DRCLS emissions. One notable example to date has been DRCLS combined with PAS to identify the 1.6-2.1 eV luminescence energies with V Zn and V Zn clusters as well to calibrate the emission intensities with defect densities [61, 100] . Another technique that has already complemented DRCLS is SPS, which provides information on the filling and unfilling of trap states at and near free semiconductor surfaces, thereby identifying the conduction or valence band nature of the defect transition within the band gap [61, 100] SIMS has already proven effective in correlating DRCLS emissions with a particular defect [61] . Defect densities measured with C-V techniques at the edge of a semiconductor's surface space charge region calibrate DRCLS intensities, that can then provide defect densities for shallower depths otherwise limited in C-V measurements by forward bias leakage currents. Similarly, DRCLS can be combined with EPR, another powerful technique for characterizing point defects. EPR information includes the nearest neighbour coordination and charge state. A related technique is optically detected magnetic resonance (ODMR), which used the changes in charge state of defect levels to determine their energies within the band gap [137, 138] . A challenge for EPR and ODMR is that a minimum of ∼10 13 -10 14 spins are required for detection. This is particularly difficult for ultrathin films, where the volumes probed are often below this limit for typical defect densities and device structures. Conversely, DRCLS can help calibrate the depth scale of new depth-resolved techniques such as x-ray excited optical luminescence (XEOL) [139] .
The previous sections described numerous applications of DRCLS for basic research and technology. The extension of DRCLS to new physical phenomena and technologies will continue as researchers probe the electronic properties of surfaces, interfaces and ultrathin films of electronic materials.
